Background: The hypothalamic-pituitary-adrenal axis regulates the response to sepsis-
| INTRODUCTION
Sepsis remains the main cause of death in critically ill human and equine neonates. [1] [2] [3] [4] In response to sepsis-associated stress, the hypothalamicpituitary-adrenal axis (HPAA) is activated, releasing adrenocorticotropic hormone (ACTH), cortisol and aldosterone to modulate metabolic, cardiovascular, and immune functions. 5, 6 However, the secretion of cortisol can be relatively insufficient for the severity of disease, reducing survival. 3, 4, 7 Relative adrenal insufficiency (RAI) or critical illness-related corticosteroid insufficiency is defined as an impaired glucocorticoid response to endogenous or exogenous ACTH. 1, 3, 5, 7, 8 Recently, the concept of RAI was challenged, suggesting that hypercortisolemia from reduced cortisol biodegradation might lead to endogenous ACTH suppression in the absence of adrenocortical dysfunction. 9 Therefore, a new term, ACTH to cortisol dissociation or ACTH:cortisol imbalance (ACI), has been introduced in critically ill human patients and equine neonates. [10] [11] [12] Regardless of the exact pathogenesis, RAI or ACI has been associated with disease severity and death in children and newborn foals, and it is therefore possible that hormonal replacement treatment might decrease hospitalization durations and increase patient survival. [1] [2] [3] [4] 11, 13 Although adrenocortical hypofunction has been extensively investigated in people and other species, there is still a considerable debate regarding its clinical importance and what the best diagnostic tests are to assess it. [1] [2] [3] [4] In addition to cortisol and aldosterone, a multitude of steroid precursors and neuroactive steroids (pregnenolone, progesterone, androstenedione, and dehydroepiandrosterone sulfate [DHEAS] ) are also produced by the adrenal cortex during steroidogenesis. High baseline concentration of multiple adrenal steroids, including progestogens and androgens, is associated with poor outcome and severity of disease in critically ill foals.
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Neuroactive steroids (neurosteroids) can be synthesized from cholesterol or steroid precursors (progestogens in particular) in the central and peripheral nervous systems. 14, 15 Neurosteroids modulate neuronal activity, including hypothalamic neurons via gamma-aminobutyric acid receptors (GABA A ), and therefore influence HPAA function. GABAergic neurons can inhibit the hypothalamic secretion of corticotropin-releasing hormone (CRH), which in turn results in less ACTH and cortisol secretion in acute stress.
14 Traditionally, HPAA function has been evaluated by measuring baseline ACTH and cortisol concentrations (ACTH/cortisol ratio) or the cortisol response to exogenous ACTH administration (ACTH stimulation test). 5, 7 Cortisol concentration provides valuable information in sick patients; however, in some instances it might not reflect the integrity of the HPAA. For example, reduced cortisol metabolism can increase circulating cortisol in the absence of HPAA upregulation; this in turn could also suppress ACTH secretion. 9 Conversely, high concentrations of an inactive isoform of ACTH could fail to stimulate adrenocortical cortisol production, inaccurately suggesting adrenocortical failure or suppression. 12, 16 Of interest, the DHEAS response to exogenous ACTH stimulation has been proposed as an alternative and perhaps better method of evaluating HPAA integrity and diagnosing central adrenal insufficiency in hospitalized people. [17] [18] [19] Dynamic testing of adrenal insufficiency in foals has focused on the cortisol response to exogenous ACTH. 3, 13 However, the response of other adrenal steroids and their precursors to the ACTH stimulation test has not been evaluated in critically ill equine neonates. Therefore, the goal of our study was to investigate the response of multiple adrenocortical steroids to exogenous ACTH in healthy and hospitalized foals. We hypothesized that hospitalized and healthy foals will have a distinct adrenocortical steroid profile after ACTH administration. We also proposed that a poor adrenocortical steroid and steroid precursor response to ACTH will be associated with disease severity and death in critically ill foals. 
| MATERIALS AND METHODS

| Animals
| Clinical data
History obtained from medical records included medications administered, duration of pregnancy, maternal illness, premature lactation, assisted parturition, dystocia, passing and appearance of fetal membranes, and parity.
Foal clinical information included signalment, physical examination, CBC, serum biochemistry, and IgG concentrations. For consistency, the sepsis scores were calculated by the first author for each foal, based on clinical history, physical examination, and laboratory findings.
| Study design
After the baseline blood sample collection on admission (Time 0), each foal received 10 μg of ACTH (cosyntropin) (Novaplus, Rockford, Illinois) IV. Additional blood samples were collected at 30 (Time 30) and 90 (Time 90) minutes post-ACTH administration. Adrenocorticotropic hormone stimulation tests in healthy foals were performed at the farms after routine newborn foal examination. Blood samples were placed in plain serum and chilled aprotinin-EDTA tubes.
Aprotinin (500 kU/mL of blood) was added to preserve peptide hormone integrity. Samples were centrifuged at 2000g at 4 C for 10 minutes. Serum and plasma were aliquoted and stored at −80 C until analyzed. Blood samples for blood culture, CBC, serum biochemistry, and IgG concentrations were processed immediately.
| Hormone concentrations
Serum aldosterone, androstenedione, cortisol, DHEAS, pregnenolone, progesterone, and 17α-hydroxyprogesterone concentrations were determined The AUC is used in endocrinology as a method to summarize longitudinal hormone information. 21, 22 Area under the curve for each hormone was generated by the trapezoidal method. 21 These variables (AUCs) were then applied in a cluster analysis using the k-means method to define groups (clusters) of foals with similar endocrine patterns (adrenocortical steroid response to ACTH stimulation). 20 Cluster analysis aims at categorizing different objects into groups in a way that the degree of association between 2 objects is maximal if they belong to the same group and minimal otherwise. Kruskal-Wallis statistics with Dunn's post hoc test were used to compare 3 groups of foals. When comparing 2 groups of foals, the Mann-Whitney rank sum test was used. Relationships between categorical variables were analyzed using contingency tables and chi-square analysis.
Receiver operating characteristic (ROC) curves and AUC were constructed to determine the predictive abilities and cutoff values of Delta 0-30 17α-OH-progesterone for non-survival. The optimal cutoff value was defined by the points representing the highest sensitivity and specificity to predict non-survival. Statistical analysis was performed using statistical software (SPSS 21, IBM Corporation, New York, New York).
3 | RESULTS
| Study population
A total of 47 foals (≤48 hours old) were included in the study: 72% 1-48 hours), and 16 hours (range: 12-24 hours), respectively (P < .01).
Breeds represented included Thoroughbred (n = 23), Quarter Horse
Warmblood (n = 3), Arabian (n = 1), and Belgian (n = 1).
In hospitalized foals, 27% had a positive blood culture in Cluster 1 and 17% in Cluster 2 (P > .05).
The overall death rate in neonatal foals was 17% (8/47). In hospitalized foals, the death rate was 22% (2/9) in Cluster 1 and 27%
(6/22) in Cluster 2 (P > .05). Progesterone and pregnenolone concentrations were higher in Clusters 1 and 2 than in healthy foals at all 3 time points (P < .01). Endogenous ACTH decreased from baseline to 30 minutes after ACTH stimulation in Clusters 1 and 2 (P < .05). There were no differences in DHEAS concentrations between groups at any time point.
3.3 | Laboratory findings, AUC, and Delta 0-30 for adrenocortical steroids in hospitalized and healthy foals
The AUC and Delta 0-30 for adrenocortical steroids in hospitalized and healthy foals are presented in Table 1 . Cluster 1 had higher AUC for aldosterone, cortisol, androstenedione, pregnenolone, 17α-OH-progesterone, and progesterone compared to healthy foals (P < .01). The AUC for pregnenolone and progesterone were higher in Cluster 2 than healthy foals (P < .01). Cluster 1 had higher AUC for aldosterone and 17α-OH-progesterone than Cluster 2 (P < .05). Delta 0-30 for cortisol and 17α-OH-progesterone were lower in Clusters 1 and 2 compared to healthy foals (P < .05). However, Delta 0-30 DHEAS was higher in
Cluster 2 compared to healthy foals (P < .05). There were no differences in Delta 0-30 for other steroids in hospitalized and healthy foals.
Regarding laboratory and clinical findings, foals in Cluster 1 had lower blood glucose and IgG concentrations as well as neutrophil count and higher L-lactate concentrations than healthy foals (P < .05). Blood L-lactate was higher and glucose concentration was lower in Cluster 2 compared to healthy foals (P < .05). The sepsis score was higher in Clusters 1 and 2 compared to healthy foals (P < .05). However, there was no difference in the sepsis score between Clusters 1 and 2. Foals in Cluster 1 had higher creatinine concentrations and prolonged hospital stay compared to Cluster 2 and healthy foals (P < .05). There was no difference in ACTH/cortisol ratio between clusters and healthy foals.
3.4 | Laboratory findings, AUC, and Delta 0-30 for adrenocortical steroids in surviving and non-surviving hospitalized foals
The AUC and Delta 0-30 for adrenocortical steroids in surviving and non-surviving foals are presented in Table 2 . Foals that did not survive had lower AUC for cortisol but higher AUC for ACTH (P < .05).
Delta 0-30 17α-OH-progesterone was lower in non-surviving than surviving foals (P < .05).
Foals that died during hospitalization had lower white blood cell and neutrophil count, as well as lower IgG and glucose concentrations than surviving foals (P < .01). The sepsis score was higher in foals that died compared to those that survived (P < .01). There were no differences in creatinine concentrations, ACTH/cortisol ratios, and hospitalization stay between these 2 groups of foals.
3.5 | Receiver operating characteristic curves and cutoff value for Delta 0-30 17α-OH-progesterone to predict non-survival
Of the calculated Delta 0-30 , only 17α-OH-progesterone was significantly lower in foals that died compared to survivors. In order to determine the cutoff value below which non-survival could be most reliably predicted by the Delta 0-30 of 17α-OH-progesterone, sensitivity and specificity were calculated based on the ROC curve ( Figure 2 ).
F I G U R E 1
Hormone concentrations in Clusters 1 (n = 11), 2 (n = 23), and healthy (n = 13) foals at 0, 30, and 90 minutes after ACTH stimulation (median and interquartiles). Letters "a" indicates compared to healthy and "b" indicates compared to Cluster 2; "#" indicates compared to Time 0. ACTH, adrenocorticotropic hormone; DHEAS, dehydroepiandrosterone sulfate. *P < .05; **P < .01
The optimal cutoff value was −19% with sensitivity, specificity, positive, and negative predictive values of 87, 70, 93, and 52%, respectively. The AUC for ROC Delta 0-30 of 17α-OH-progesterone was 0.83
showing good discrimination between foals that died and those that survived.
| DISCUSSION
This study showed that concentrations of multiple adrenocortical steroids and steroid precursors were altered in hospitalized newborn foals and their response to exogenous ACTH was variable. In addition, a lower 17α-OH-progesterone response to ACTH stimulation was the most consistent finding associated with non-survival in critically ill foals.
We demonstrated that AUCs for adrenocortical steroids after ACTH stimulation was associated with some clinical variables of disease severity in hospitalized foals. This study shows that adrenocortical dysfunction can be assessed by measuring the response of multiple steroids to administration of exogenous ACTH in critically ill equine neonates.
The AUC has been used in endocrine research as a method to assess ultradian and circadian hormone dynamics as well as overall hormone secretion over a specific time period. [21] [22] [23] In the current study, the AUC for each hormone were used in cluster analysis to identify 2 clusters of foals with similar adrenocortical steroid response to ACTH administration within group. 20, 21 Cluster 1 included ill foals presented with lower neutrophil count, IgG, and glucose concentrations compared to healthy foals. These foals had higher creatinine concentrations and prolonged hospital stay compared to those of T A B L E 1 Area under the curve, Delta 0-30 for adrenocortical steroids, ACTH/cortisol ratio, and laboratory findings in Clusters 1 and 2, and healthy foals (median and ranges)
Cluster 1 (n = 11) Cluster 2 (n = 23) Healthy (n = 13) foals from Cluster 2. Aforementioned clinical and laboratory variables such as neutropenia, azotemia, low IgG, and glucose concentrations are well recognized risk factors of sepsis in hospitalized foals. 3, 8, 24, 25 In addition, foals in Cluster 1 had higher AUC for cortisol, but also for aldosterone, 17α-OH-progesterone, and androstenedione compared to foals in Cluster 2. High concentrations of these steroids before and after ACTH stimulation are consistent with a proper response to stress from critical illness. Other causes for increased steroid concentrations over time include reduced biodegradation and clearance. 11, 12 Recently, it was proposed that impaired cortisol clearance from suppressed activity of cortisol-metabolizing enzymes (A-ring reductase and 11β-hydroxysteroid dehydrogenase 1) contributes to hypercortisolemia in critically ill human patients. 9 Reduced metabolism of adrenocortical steroids might be involved in adrenal hypofunction in foals and deserve further investigation.
Our results are in line with other studies, which demonstrated high basal cortisol, aldosterone, progestogens, and androgens concentrations in hospitalized foals. 2,3,11,26 Elevated steroid secretion in response to critical illness was considered appropriate for most of the foals of this study, whereas concentrations in the reference range indicated a poor response. The traditional definition of RAI or ACI has been based on an inadequate cortisol response to exogenous ACTH stimulation in critically ill patients with septic shock and multiple organ dysfunction, and similar criteria have been applied to severely ill foals. 1, 3, 13 In addition to cortisol, the synthesis of other adrenal steroids and steroid precursors might also be altered because of severity of disease. In such situations, the administration of ACTH can be useful at assessing function of all 3 adrenocortical layers.
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The key finding in our study was the impaired response of 17α-OH-progesterone and cortisol (low Delta 0-30 ) to ACTH stimulation in critically ill and non-surviving foals. This is in agreement with other studies in sick equine neonates that have shown a reduced cortisol secretion in response to exogenous ACTH administration. 3, 13 High baseline 17α-OH-progesterone and progesterone concentrations are associated with severity of disease and death in septic foals. 11 There are increased progesterone and 17α-OH-progesterone responses to T A B L E 2 Area under the curve and Delta 0-30 for adrenocortical steroids, ACTH/cortisol ratio, and laboratory findings in surviving and non-surviving hospitalized foals (median and ranges) ACTH stimulation in dogs with adrenal-and pituitary-dependent hyperadrenocorticism, in children with congenital adrenal hyperplasia, and in healthy intact and ovariohysterectomized cats and cows. [27] [28] [29] [30] In the current study, the progestogen response to ACTH was lower in foals that died. The reason for the lower 17α-OH-progesterone secretion in non-surviving foals after ACTH administration remains unclear.
Both progesterone and 17α-OH-progesterone are adrenocortical precursors of cortisol; progesterone is synthesized from pregnenolone by 3β-hydroxysteroid dehydrogenase to be further converted into 17α-OH-progesterone by 17-α-hydroxylase, and ultimately to cortisol. 28, 29, 31, 32 A deficiency of these enzymes or a shift in adrenal steroidogenesis might reduce progesterone and 17α-OH-progesterone concentrations, indirectly resulting in inappropriate glucocorticoid synthesis. 28 Although the cortisol response to ACTH stimulation was lower, DHEAS concentrations increased after ACTH stimulation in critically ill foals in our study, further supporting a dissociation in steroidogenesis.
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Of the steroids measured before and after ACTH stimulation in the foals of this study, only Delta 0-30 17α-OH-progesterone was associated with death. The 17α-OH-progesterone response to ACTH stimulation had the best ability to discriminate surviving from non-surviving foals.
This study demonstrates an association between a progestogen response to ACTH and outcome in hospitalized foals. The mechanisms by which the secretion of this steroid is altered in foals with severe disease remain to be elucidated. Inflammatory factors such as IL-1, TGF-β, and TNF-α can modulate the biosynthesis of adrenal steroids in bovine and ovine adrenocortical cells, [33] [34] [35] and could have potentially altered progestogen synthesis and secretion in sick foals.
Maturation of the equine fetal HPAA in terms of cortisol secretion occurs late in gestation compared to other species. 36 Fetal cortisol concentrations increase rapidly 4-7 days before delivery when 17α-hydroxylase expression rises in the zona fasciculata. 36, 37 Altered HPAA maturation with decreased 17α-hydroxylase activity could be an explanation for reduced 17α-OH-progesterone production in the non-surviving foals in our study. Moreover, the median age between healthy and hospitalized foals was different in this study, and ideally, the age of foals should have been similar between groups. This could potentially affect adrenal steroids synthesis and metabolism in hospitalized foals. A possible link between adrenocortical steroid enzyme activity, adrenal insufficiency, age, and outcome in hospitalized equine neonates remains to be evaluated.
The decrease in endogenous ACTH concentrations in response to cosyntropin in the hospitalized foals of this study was expected. 5, 38 This indicates that pituitary corticotropes and hypothalamic neurons remain responsive to negative glucocorticoid feedback. It also suggests that adrenocortical dysfunction is the main cause of adrenal insufficiency (primary adrenal insufficiency) in foals. 5, 38 Foals that died had increased AUC for ACTH but decreased AUC for cortisol, further supporting the concept of adrenal hypofunction. This ACTH:cortisol dissociation can be explained by adrenocortical resistance to ACTH, low concentration of bioactive ACTH, impaired biodegradation of ACTH, or adrenocortical insufficiency. 9, 11, 16 In contradiction to previous studies, the ACTH/cortisol ratio was not different between groups of foals in the current study. 3, 11, 25 This difference could be because of the size of the foal population included in studies, variable death rate, and severity of disease. The association of AUCs and death in foals from our study might also suggest that AUC is a more accurate indication of adrenal hypofunction than a hormone ratio on admission. Administration of exogenous CRH and AVP could provide further clarification on mechanisms involved in HPAA dysfunction in critically ill foals.
| CONCLUSIONS
In summary, our study demonstrated that adrenal dysfunction (RAI/ACI) is a complex process that involves multiple adrenocortical steroids beyond the cortisol response to both exogenous and endogenous ACTH.
The 17α-OH-progesterone response to ACTH might offer prognostic value for severity of disease and death in critically ill equine neonates.
Future studies evaluating ACTH stimulation testing in a larger number of F I G U R E 2 Receiver operating characteristic curve for Delta 0-30 17α-OH-progesterone to predict non-survival in neonatal foals. A cutoff value of (−19%) maximized sensitivity (87%) and specificity (70%) to predict death. AUC, area under the curve non-surviving foals, measuring multiple adrenocortical steroids in concert, will likely offer the most value for further dissection of how severe illness and sepsis influence the global adrenocortical function. 
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